Reactive oxygen species (ROS) are key regulators in cell proliferation, survival, tumor initiation and development. However, the role of ROS in tumor metastasis is less clear. Here, we show that oxidative stress inhibited tumor metastasis via activation of Hippo kinase MST1/2, which led to the phosphorylation and nuclear accumulation of FoxO3a, resulting in upregulation of ΔNp63α expression and suppression of cell migration independent of YAP. Strikingly, while loss of MST1 led to and disruption of cell-cell junction exemplified by reduced E-cadherin expression, resulting in scattered cell growth, loss of MST2 led to disruption of cell-matrix adhesion as evidenced by reduced integrin β4, resulting in increased cell migration and tumor metastasis. Furthermore, expression of MST1 and MST2 was down-regulated in human breast carcinoma. Furthermore, oxidative stress inhibited HER2-or PI3K-mediated tumor metastasis via the MST2-FoxO3a-ΔNp63α pathway. Together, these results that this noncanonical Hippo MST2-FoxO3a-ΔNp63α pathway may play a critical role in ROS-mediated regulation of cell migration and tumor metastasis.
Introduction
Tumor metastasis is the main cause of cancer-related death. During metastasis, cancer cells acquire specific traits, including increased migration, invasion, and survival in the bloodstream [1] . Mounting evidence suggests that oxidative stress acts as a key signaling in regulating of tumor initiation, progression and metastasis [2] . Oxidative stress refers to elevated intracellular levels of ROS, which include hydrogen peroxide (H 2 O 2 ), superoxide (O 2− ) and hydroxyl (OH − ) free radicals [3] . The role of ROS in cancer development is complex as moderate ROS levels have been shown to promote cell proliferation and migration therefore contributing to tumor development [2] , while excessive ROS or persistent oxidative stress can cause oxidative damage to lipids, proteins and DNA, eventually leading to apoptosis and senescence to prevent tumor development [4, 5] . However, the role of ROS in tumor metastasis remains largely unclear. A recent study reported that ROS can limit distant metastasis and only cells with increased antioxidant capacity can metastasize [6] . Hippo/MST cascade has been well established as a tumor suppressing pathway in the regulation of diverse biologic processes, including cell growth, survival, organ size control and immune response [7] [8] [9] [10] . In the canonical pathway, activation of serine/threonine kinases MST1/2 leads to the phosphorylation and activation of their direct substrates, Lats1/2, which in turn phosphorylates and inhibits YAP/TAZ transcription coactivators [11] . Oxidative stress activates MST1, promoting the phosphorylation and nuclear localization of FoxO3, which then transactivates genes involved in apoptotic programs [12, 13] . p63 is a member of the tumor suppressor p53 family, and ΔNp63α is the predominant p63 isoform expressed in epithelia cells and is essential for epithelial development [14] . Mounting evidence indicates that ΔNp63α can promote cell proliferation and inhibit oxidative stress-induced cell death [15, 16] . On the other hand, ΔNp63α has been documented as an critical metastasis suppressor [17] . ΔNp63α transactivates expression of a subset of genes involved in cell-cell and cell-matrix adhesion, including integrins, E-cadherin, desmoplakin, Par3 and fibronectin [18] . Oncogenic proteins, including activated Ras, PI3K andΔNp63α expression is frequently observed in advanced human cancers.
In this study, we demonstrate that MST2 is critical in oxidative stress-induced inhibition of cell migration in vitro and tumor metastasis in vivo. Oxidative stress activated MST1/2, resulting in upregulation of ΔNp63α expression in a FoxO3a-dependent manner. In addition, ablation of MST1 or MST2 impacted the expression of a different subset of genes involved in cell-cell adhesion and cell mobility. Loss of MST1 led to robust reduction of E-cadherin and disruption of cell-cell adhesion leading to scattered cell growth in vitro, while loss of MST2 resulted in robust reduction of integrin β4, and consequently, increased cell mobility in vitro and tumor metastasis in vivo.
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Cell culture and drug treatment
MCF-10A cells were cultured with 5% fetal bovine serum (HyClone, Utah, USA), supplemented with penicillin (100 U/ml)/streptomycin (100 μg/ml) (HyClone, Utah, USA), 20 ng/ml epidermal growth factor (Invitrogen), 100 ng/ml cholera toxin (Sigma), 10 mg/ml insulin (Sigma) and 500 ng/ml hydrocortisone (Sigma) in Dulbecco's modified Eagle's medium (DMEM)/F12 (Gibco, NY, USA). HaCaT and HEK-293T cells were cultured with 10% FBS supplemented with penicillin (100 U/ ml)/streptomycin (100 μg/ml) in DMEM (Gibco, NY, USA). Cells were cultured at 37°C in a humidified 5% CO 2 incubator.
Hydrogen peroxide (H 2 O 2 ) was freshly diluted in PBS (pH7.4) and used at a designated final concentration. Piperlongumine (PL) (S7551, Selleck, Texas, USA) was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM and used at designated final concentrations (0-2 μM).
Plasmids and lentiviral infection
Short hairpin RNAs (shRNA) specific for GFP, human p63, MST1 or MST2 were cloned into pLKO.1-puro vectors. Targeted sequences are listed in Supplemental Table S1 . Recombinant lentiviruses including pLVX-ΔNp63α, pLVX-FoxO3a-GFP or pLVX-E-cadherin were amplified in HEK-293T cells as described [19] .
Western blot analysis and immunofluorescence
Western blot analyses and immunofluorescence were performed as described [19] . Antibodies specific for p63 (sc-8431), YAP (sc-398182) or integrin β4 (sc-135950) were purchased from Santa Cruz Biotechnology (CA, USA); Antibody specific for FoxO3a (2497), MST1 (3682), MST2 (3952), phospho-MST1 (Thr183)/MST2(Thr180) (3681), JNK (9252), phospho-JNK (9251) or PI3 Kinase p110α (4249) were purchased from Cell Signaling Technology (MA, USA); Antibodies specific for E-cadherin (1702-1), AKT1 (1081-1), phospho-ATK(T308) (2214-1), or SOD2 (2299-1) were purchased from Epitomics (Burlingame, CA, USA). An antibody specific for HER2 (AH210) was purchased from Beyotime Biotechnology (Shanghai, China); and an antibody specific for GAPDH (340424) was purchased from Zen BioScience (Chengdu, China). Goat anti-mouse IgG-HRP (sc-2005) or goat antirabbit IgG-HRP (sc-2004) antibodies were purchased from Santa Cruz Biotechnology (CA, USA); Rhodamine (TRITC)-conjugated AffiniPure Donkey Anti-Rabbit IgG (711-025-152) used for immunostaining was from purchased from Jackson Immuno Research (PA, USA).
Cell migration assay
Cell migration assays were performed using transwell membrane filter inserts in 24-well tissue culture plates (BD Biosciences, USA). MCF-10A cells (5 × 10 4 ) or HaCaT cells (1 × 10 5 ) were suspended in serum-free medium and subjected to transwell assays as described [19] .
Quantitative PCR (Q-PCR) analyses
Total RNA was isolated using an innuPREP RNA Mini Kit (Analytik Jena, Germany), followed by reverse transcription using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan) according to the manufacturer's instructions. Q-PCR was performed in a Real-Time PCR System (Applied Biosystems, CA, USA) using a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Sequences of specific primers used for Q-PCR are listed in Supplemental Table S2 .
Cell cycle and viability analyses
Cell cycle analyses were performed by fluorescence activated cell sorting (FACS). Cells were collected and fixed in 70% ethanol at 4°C overnight and stained with 50 μg/ml propidium iodide (PI, Sigma) supplemented with 100 μg/ml RNase A (Sigma) for 40 min at 37°C in the dark. Cells were then analyzed by a FACScan flow cytometer (Becton Dickson, CA, USA). Cell viability was determined by MTS assay [19] . Then, 5000 cells/well were seeded in 96-well plates. After 12 h of incubation, cells were treated with or without designated chemicals for the indicated times and subjected to MTS assays as described.
Tumor metastasis in mice
Six-week old female nude mice were used for tumor metastasis assays. MCF-10A cells stably expressing HER2 were infected by lentivirus expressing ΔNp63α or shRNA against MST2 and puromycin-resistant cells were selected. Then, 1.5 × 10 6 cells derived from four different groups (control, HER2, HER2/shMST2, or HER2/shMST2/ΔNp63a) in 0.15 ml physiological saline were injected into the tail vein of mice with eight mice per group. After 60 days, the mice were euthanized and the lungs were dissected and examined for metastatic nodules. The lungs were fixed in 3.7% formaldehyde, embedded in paraffin, and sliced for hematoxylin and eosin (H&E) staining and histological analysis.
MMTV-PyMT tumor model
FVB/N-Tg (MMTV-PyMT) 634Mul-transgenic female virgin mice were grown for 95 days before being sacrificed. Then, whole mammary glands, tumors and lungs were removed. Formalin fixed, paraffin embedded mammary glands, tumors, and lungs were sectioned at 5 μm. All animal experiments in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Sichuan University, and the procedures were performed according to the guidelines established by the China Council on Animal Care.
ROS measurement
ROS levels in MCF-10A cells were determined using a Reactive Fig. 1 . Induction of ROS inhibits cell migration via upregulation of ΔNp63α expression. (a) MCF-10A or HaCaT cells were treated with an indicated dose of H 2 O 2 for 24 h and then subjected to transwell assays for cell migration. Migrated cells were fixed and stained with crystal violet. Representative images were shown (left panels). Scale bar = 100 μm. The quantitative data from migration were presented as the means ± S.E. from three independent experiments in duplicate. ***p < 0.001; **p < 0.01. (b) MCF-10A or HaCaT cells were treated with H 2 O 2 at indicated doses for 12 h. Cell lysates were subjected to Western blotting using a specific antibody as indicated. The data from quantitative analyses were shown as the means ± S.E. from two independent experiments. *p < 0.05; **p < 0.01. (c) MCF-10A cells were treated with an indicated dose of H 2 O 2 for 12 h. Total RNA was extracted and subjected to Q-PCR analyses for steady-state mRNA levels of pan-p63, integrin β4 or E-cadherin. Data were presented as the means ± S.E. from three independent experiments in duplicate. ***p < 0.001; **p < 0.01. (d-e) MCF-10A cells were treated with piperlongumine (PL) for either 12 h prior to Western blot analyses and the quantitative data from two independent experiments were shown (d); or 24 h prior to transwell assays (e). The quantitative data from migration were presented as the means ± S.E. from three independent experiments in duplicate. **p < 0.01. (f-g) MCF-10A cells stably expressing shRNA specfic for pan-p63 or a control shRNA (shGFP) were treated with H 2 O 2 at an indicated dose for either 12 h prior to Western blot analyses and the quantitative data from two independent experiments were shown (f); or 24 h prior to transwell assays (g). The quantitative data from migration assays were presented as the means ± S.E. from three independent experiments in duplicate. *p < 0.05; **p < 0.01. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Oxygen Species Assay Kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. Briefly, after treatment with H 2 O 2 or PL, MCF-10A cells were incubated with DCFH-DA at 37°C and were then subjected to FACS to measure fluorescence intensity. carcinoma biopsy samples and paired tumor-adjacent tissue sections were obtained from OUTDO (Shanghai, China). Tissue array slides were subjected to IHC using a specific antibody as indicated and slides were then scanned through NanoZoomer (Hamamatsu, Japan). Scanned images were then subjected to integrated optical density (IOD) measurements via Image-Pro Plus 6.0 to calculate average optical density (AOD) using the formula: AOD = IOD/Area [20] .
Statistical analysis
Student's t-test was used for analyses that involved only two groups for comparison, and ANOVA tests were used for analyses that involved more than two groups for comparisons. Data are presented as the means ± standard error (S.E.). Pearson's correlation was conducted with SPSS version 20.0 software (IBM/SPSS, Chicago, IL, USA).
Results

Oxidative stress upregulates ΔNp63α expression and inhibits cell migration
Reactive oxygen species (ROS) plays a critical role in the regulation of various biological processes, including cell cycle, apoptosis, cellular senescence, autophagy, and metabolism. However, the precise role for ROS in cell mobility remains elusive. To investigate the effect of moderate ROS on cell migration, we treated untransformed human breast epithelial MCF-10A, human immortalized keratinocyte HaCaT, human squamous cell carcinoma FaDu and human triple negative breast cancer HCC1806 cells with a moderate dose of H 2 O 2 (10 or 20 μM). As shown in Fig. 1a and Supplemental Fig. S1a, treatment of H 2 O 2 led to a dose-dependent inhibition of cell migration in those cells. At the molecular level, H 2 O 2 induced the phosphorylation of JNK, as expected, consistent with previous studies [21] . Notably, the expression of ΔNp63α, a critical regulator of cell adhesion and mobility [18] , was markedly upregulated, concomitant with increased expression of ITGB4 and E-cadherin (Fig. 1b) , both of which are downstream targets of ΔNp63α [18] .
Next, we investigated the molecular basis on which oxidative stress induces the expression of ΔNp63α, ITGB4 and E-cadherin. As shown in Fig. 1c , quantitative PCR (Q-PCR) analyses showed that H 2 O 2 significantly upregulated steady-state mRNA levels of ΔNp63α, ITGB4 or E-cadherin, suggesting a transcriptional upregulation of these genes in response to oxidative stress. To verify that ROS can indeed impact the expression of ΔNp63α, ITGB4 and E-cadherin, we used piperlongumine (PL), a strong ROS inducer [22] , in our experimental system. As shown in Fig. 1d , while treatment of PL activated SOD2, as expected [23] , PL significantly upregulated expression of ΔNp63α, ITGB4 and E-cadherin. Importantly, PL significantly inhibited cell migration in a dose-dependent manner (Fig. 1e ). Upon measurement of ROS levels, it was evident that H 2 O 2 or PL significantly upregulated cellular ROS levels (Supplemental Figs. S1b-1c).
We then examined whether H 2 O 2 impacts the migration of Her2/ PI3K activated cells. As shown in Supplemental Figs. S1d-1e, HER2 expression significantly suppressed ΔNp63α protein levels, consistent with our previous study [19] . Notably, HER2 also significantly inhibited expression of integrin β4 and E-cadherin. Treatment with H 2 O 2 markedly reversed the expression of ΔNp63α and integrin β4 while it had much less of an effect on E-cadherin expression. Consequently, H 2 O 2 significantly reversed HER2-induced cell migration. Similar phenomena were observed in PL-treated cells with expression of activated p110α H1047R , a hotspot mutation on the PIK3CA gene [24] (Supplement Figs. S1f-1g). These data demonstrate that elevated ROS leads to upregulation of ΔNp63α resulting in suppression of oncogene-induced cell migration. We next investigated whether ΔNp63α plays a causative role in oxidative stress-mediated inhibition of cell migration. We used a shRNA for pan-specific p63, which effectively silenced expression of ΔNp63α [19] . As shown in Fig. 1f , silencing of ΔNp63α completely blocked the H 2 O 2 -induced upregulation of ITGB4. By contrast, the expression of Ecadherin was significantly reduced, but not completely vanished under similar conditions, suggesting that ΔNp63α differently impacts the expression of ITGB4 and E-cadherin in response to oxidative stress. Notably, H 2 O 2 was unable to inhibit cell migration upon ΔNp63α ablation (Fig. 1g) , demonstrating that ΔNp63α expression is essential for oxidative stress-induced inhibition of cell migration.
As ROS can have cytotoxic effects, promoting cell cycle arrest and cell death [25] , we therefore examined the effects of an oxidative stress inducer on either the cell cycle or cell viability. Under our experimental setting, neither cell cycle nor cell viability was significantly altered in MCF-10A cells (Supplemental Figs. S2a-2b). Taken together, these data indicate that oxidative stress upregulates the expression of ΔNp63α, ITGB4 and E-cadherin, which in turn inhibits cell migration in a ΔNp63α-dependent manner.
Oxidative stress induces FoxO3a nuclear accumulation and ΔNp63α expression, resulting in inhibition of cell migration independent of YAP
The aforementioned data indicates that oxidative stress upregulates the expression of ΔNp63α, resulting in inhibition of cell migration. Because ΔNp63α is a direct transcriptional target of FoxO3a [19] , we therefore investigated whether FoxO3a plays a role in oxidative stressmediated upregulation of ΔNp63α. With this regard, we first examined the subcellular localization of FoxO3a in the presence or absence of H 2 O 2 . As shown in Fig. 2a , H 2 O 2 significantly induced nuclear accumulation of FoxO3a in a dose-dependent manner. Knockdown of FoxO3a dramatically reduced the expression of ΔNp63α, ITGB4 or Ecadherin in MCF-10A cells (Fig. 2b) . Ablation of FoxO3a also resulted in significantly reduced expression of ΔNp63α, ITGB4 and E-cadherin in HaCaT cells (Supplemental Fig. S3a) . Furthermore, knockdown of FoxO3a significantly accelerated cell migration, which was remarkably rescued by ectopic expression of ΔNp63α (Fig. 2c-e and Supplemental  Fig. S3b) . Moreover, knockdown of FoxO3a completely eliminated Fig. 2 . H 2 O 2 promotes FoxO3a nuclear localization and ablation of FoxO3a facilitates cell migration via downregulation of ΔNp63α in a YAP-independent manner. (a) MCF-10A cells were treated with H 2 O 2 at an indicated dose for 12 h and were then subjected to immunostaining using an antibody specific for FoxO3a (red). Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. (b-c) MCF-10A cells stably expressing shRNA specific for FoxO3a (#1 or #2) or a control shRNA (shGFP) were subjected to Western blot analyses and the quantitative data from two independent experiments were shown (b) or to transwell assays (c). Representative images were shown (Left panels). Scale bar = 100 μm. The quantitative data from migration assays were presented as means ± S.E. from three independent experiments in duplicate. **p < 0.01; ***p < 0.001. (d-e) MCF-10A cells expressing shGFP or shFoxO3a (#2) were infected with lentivirus expressing ΔNp63α or a vector control. Stable cells were subjected to Western blot analyses and the quantitative data from two independent experiments were shown (d) or transwell assays (e). The quantitative data from migration assays were presented as the means ± S.E. from three independent experiments in duplicate. *p < 0.05; **p < 0.01. (f-g) MCF-10A cells stably expressing shFoxO3a or shGFP were treated with H 2 O 2 at an indicated dose and were then subjected to Western blot (f) or transwell assays (g). The quantitative data from migration assays were presented as the means ± S.E. from three independent experiments in duplicates. ***p < 0.001. (h-i) MCF-10A cells stably expressing shYAP (shYAP-1 and shYAP-2) or shGFP in the presence or absence of H 2 O 2 were subjected to Western blot and the quantitative data from two independent experiments were shown (h) or transwell assays (i). The quantitative data from migration assays were presented as the means ± S.E. from three independent experiments in duplicate. **p < 0.01; ***p < 0.001. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) H 2 O 2 -induced upregulation of ΔNp63α, ITGB4 and E-cadherin, resulting in a complete reversal of H 2 O 2 -induced cell migration inhibition (Fig. 2f-g ). Together, these data suggest that FoxO3a is most likely responsible for H 2 O 2 -mediated regulation of cell mobility.
YAP has been reported as an important player mediating ROS signaling [26] . We therefore examined the role for YAP in H 2 O 2 -mediated inhibition of cell migration. As shown in Fig. 2h-i 
MST1 and MST2 have distinct functions in the regulation of cell adhesion programs and cell migration
Our aforementioned data indicates that H 2 O 2 upregulates ΔNp63α expression, resulting in inhibition of cell mobility largely independent of YAP. It has been reported that H 2 O 2 can induce the phosphorylation of MST1 on the T183 residue and MST2 on T180 residue. Activated MST1 in turn facilitates phosphorylation at S207 of FoxO3a, leading to its nuclear accumulation thereby triggering an apoptotic response independent of YAP [12] . Therefore, we investigated whether MST1/ MST2 are involved in oxidative stress-mediated regulation of cell mobility. Under our experimental setting, treatment with either H 2 O 2 or PL clearly induced the phosphorylation of MST1 and MST2, concomitant with increased expression of ΔNp63α, ITGB4 and E-cadherin in MCF-10A cells (Fig. 3a) and in HCC1806 or FaDu cells (Supplemental Fig.  S3c ). We then investigated the role for MST1 or MST2 in oxidative stress-induced alteration of cell mobility. As shown in Fig. 3b , knockdown of either MST1 or MST2 led to a significant down regulation of ΔNp63α. By sharp contrast, ablation of MST1 dramatically reduced the expression of E-cadherin whereas ablation of MST2 led to a dramatic reduction of ITGB4 expression. Simultaneous knockdown of MST1 and MST2 completely eliminated the expression of ITGB4, while the expression of E-cadherin was comparable to that of MST1 knockdown (Fig. 3b, right panel) . Notably, knockdown of ITGB4 led to a significant increase in cell migration (Supplemental Figs. S3d-3e) .
Oue aforementioned data indicated that H 2 O 2 upregulated ΔNp63α levels in the absence of YAP expression suggesting a YAP-independent manner. We furthermore examined the effects of H 2 O 2 on YAP cellular sublocalization. As shown in the Supplemental Fig. S4a , treatment with a moderate dose of H 2 O 2 (20 μM) at 1 or 12 h used in our experimental settings did not promote YAP nuclear translocation, while high dose of H 2 O 2 (400 μM) treated for 1 h significantly induced YAP nuclear localization, as reported [29] . Notably, Knockdown of either MST1 or MST2 was unable to promote YAP nuclear localization in response to H 2 O 2 (20 μM) at 1 or 12 h, suggesting, again, MST1/2 regulates ΔNp63α independent of YAP in response to a moderate dose level of H 2 O 2 .
Importantly, ablation of MST1 resulted in vanished expression of Ecadherin as evidenced by immunofluorescence staining (Fig. 3c ) accompanied with scattered cell growth [30] (Fig. 3d-upper panel and  3e) . By contrast, although ablation of MST2 led to reduced expression of E-cadherin, it did not result in scattered cell growth. Strikingly, while ablation of MST2 significantly facilitated cell migration, ablation of MST1 had little effect on cell mobility (Fig. 3d and f) . Thus, these data indicate that MST2 is critical in the modulation of cell mobility whereas MST1 is important in cell-cell adhesion in vitro (Fig. 3f) .
To further confirm that MST1 and MST2 possess distinct biological functions in the regulation of cell mobility, we established MST1 knockout (MST1KO) or MST2 knockout (MST2KO) cell lines using the CRISPR-Cas9 system. As shown in Fig. 3g, MST1KO or MST2KO cells exhibited distinct regulation on E-cadherin and ITGB4, reflecting exactly the same changes observed in shMST1/shMST2 cells. Again, cell migration and scattered cell growth in vitro were affected by MST2KO or MST1KO, respectively (Fig. 3g , middle and right panels, respectively). In addition, while the expression of E-cadherin was evident in MST2KO cells, it was barely detectable in MST1KO cells (Fig. 3h, upper  panel) . By contrast, the expression of ITGB4 was readily detectable in MST1KO cells but it was vanished in MST2KO cells (Fig. 3h, lower  panel) . , we examined whether MST2 also plays a role in FoxO3 nuclear translocation. As shown in Fig. 4a , treatment of 20 μM H 2 O 2 effectively induced nuclear accumulation of FoxO3a-GFP stably expressed in MCF-10A cells [12] , which was significantly blocked by ablation of either MST1 or MST2. Since ablation of MST2, but not MST1, induces cell migration, we therefore examined whether ectopic expression of FoxO3a can reverse MST2 ablation-induced cell migration. As shown in Fig. 4b-c , again, ablation of MST2 led to a significantly reduced expression of ΔNp63α at both mRNA and protein levels, which was effectively restored by FoxO3a expression. Importantly, the expression of FoxO3a markedly reversed MST2-ablationinduced cell migration (Fig. 4d) . In addition, the expression of ΔNp63α effectively blocked cell migration promoted by MST2 ablation (Fig. 4e-f) . Together, these data suggest that MST2 regulates cell migration via modulation of the FoxO3a-ΔNp63α axis.
We next investigated the role for MST2 in oxidative stress-mediated inhibition of cell migration. As shown in Fig. 4g , ablation of MST2 not only robustly inhibited the expression of ΔNp63α and ITGB4, but it also completely blocked H 2 O 2 -induced upregulation of these proteins. Importantly, oxidative stress-mediated inhibition of cell migration was completely eliminated in the absence of MST2 in MCF-10A cells ( Fig. 4g  and h ) or in HaCat, HCC1806, or FaDu cells (Supplemental Fig. S4b ). In addition, Knockdown of ITGB4 almost completely reversed H 2 O 2 -mediated inhibition of cell migration in MCF-10A cells (Fig. 4i and j) .
Because the ablation of MST1 dramatically downregulates ΔNp63α and E-cadherin expression, concomitant with scattered cell growth (Fig. 3c-3e) , we reasoned that reduced ΔNp63α/E-cadherin may be responsible for the observed scattered cell growth. We therefore performed rescuing experiments. Restoration of E-cadherin expression led to effective cell-cell adhesion as evidenced by the typical appearance of colony formation whereas restoration of ΔNp63α expression largely but not completely restored the expression of E-cadherin, concomitant with partially rescued scattered cell growth (Supplemental Figs. S4c-S4d ). Fig. 3. H 2 O 2 induces the phosphorylation of MST1/2 and ablation of MST1 leads to the suppression of E-cadherin expression and scattered cell growth whereas ablation of MST2 inhibits integrin β4 expression and facilitates cell migration. (a) MCF-10A cells were treated with an indicated dose of H 2 O 2 or PL for 12 h. Cell lysates were subjected to Western blotting using a specific antibody as indicated and the quantitative data from two independent experiments were shown. **p < 0.01. (b-f) Stable MCF-10A cells expressing one of two different shRNAs specific for MST1 (shMST1-#1; shMST1-#2), MST2 (shMST2-#1; shMST2-#2) or a control shRNA (shGFP) were subjected to Western blotting using a specific antibody as indicated and the quantitative data from two independent experiments were shown (b). Stable cells were subjected to IHC for E-cadherin. Representative micrographs were shown. Scale bar = 50 μm (c). Cells were seeded in 6-well plates for 20 h, and cells were then fixed and stained using crystal violet (d, upper panel). Percentage of scattered cells was defined as the ratio of scattered cells (≤3 cells per colony) to total cells counted from three independent experiments in duplicate. Scale bar = 100 μm (e); In parallel, cells were subjected to transwell assays for cell migration (d, lower panel). Scale bar = 100 μm. The quantitative data from migration assays were quantified and presented as the means ± S.E. from three independent experiments in duplicate (f); **p < 0.01; ***p < 0.001. (g) Single clones of MCF-10A cells with either MST1 or MST2 knockout were obtained by the Crispr-Cas9 system. MCF-10A-MST1KO or MCF-10A-MST2KO cells were subjected to Western blotting (left panel), a cell-scattering assay (middle panel) and transwell assays (right panel). Data were quantified and presented as the means ± S.E. from three independent experiments in duplicates. ***p < 0.001. (h) MCF-10A-MST1KO or MCF-10A-MST2KO cells were subjected to immunostaining using an antibody specific for E-cadherin (upper panel) or ITGB4 (lower panel). Nuclei were counterstained with DAPI. Scale bar = 50 μm. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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These data suggest that ΔNp63α is critically important, but not the only factor, in the regulation of E-cadherin. Reduced expression of p-MST1/2 and p63 in the MMTV-PyMT mouse mammary tumor and clinical breast cancer samples.
To investigate clinical relevance, we examined the expression of MST1, MST2, p-MST1/2, p63 and ITGB4 in human breast carcinoma biopsy samples and paired adjacent tissue via IHC (Fig. 5a ) followed by measured Average Optical Density (AOD) analyses [20] (Fig. 5c) , which showed significant downregulation of MST1, MST2, p-MST1/2, p63 and ITGB4 expression in breast carcinoma compared to the paired adjacent tissues. Notably, in keeping with aforementioned data, there was a significantly positive correlation between p63 and MST1/MST2. Most interestingly, there was a strong correlation between ITGB4 and MST2, but not with MST1. We further investigate the correlation between MST1/2 expression and tumor development in mammary tissues of hyperplasia, primary mammary tumors, and lung metastasis nodules derived from MMTVPyMT FBV mice, a frequently used genetic mammary tumor mouse model [31] . As shown in Fig. 5d , the expression of MST2, p-MST1/2, p63 and ITGB4 was readily detectable in hyperplasia tissue samples but was significantly reduced in primary tumors or in lung metastasis nodules. These data suggest that the expression of MST1 and MST2 is differentially regulated and that the reduced expression of MST2 and/or phosphorylated MST1/MST2 closely correlates with mammary tumor development.
Ablation of MST2 facilitates tumor metastasis reversed by the restoration of ΔNp63α
Next, we examined the effects of MST2 ablation on the metastasis potential of MCF-10A-Her2 cells using a tail-vein injection mouse model [32] . Stable expression of Her2 in MCF-10A cells (MCF-10A-Her2) promotes metastasis in this model [19, 32] . As shown in Fig. 5e and f, Her2 expression in MCF-10A cells markedly downregulated ΔNp63α expression, consistent with our previous work [32] . ΔNp63α expression was completely inhibited by additional MST2 knockdown, resulting in a significant increase in cell mobility, which was effectively reversed by restoration of ΔNp63α expression. These cells were then used to evaluate tumor metastatic potential in mice. As shown in Fig. 5g and h, Her2-mediated tumor metastasis was further promoted by knockdown of MST2. Restoration of ΔNp63α expression effectively inhibited tumor metastasis in vivo. Furthermore, histological examination revealed normal lung architecture in control mice, while metastatic nodules were frequently observed in lungs derived from mice injected with MCF-10A-Her2/shMST2 cells. Restoration of ΔNp63α expression led to lungs with normal architectures (Fig. 5i) .
Ablation of MST2 impacts the expression of a subset of genes involved in cell mobility
Our aforementioned data indicates that MST1 impacts cell-cell junction via modulation of E-cadherin expression whereas MST2 regulates cell mobility via ITGB4. To dissect the molecular basis that accounts for the related but distinct functions of MST2 and MST1, we examined transcriptomes of MCF-10A MST1KO or MST2KO cells. RNAseq analyses of samples (normal, MST1KO and MST2KO) in triplicate were performed. Among approximately 28,000 transcripts analyzed, the expression of 325 genes and 469 genes were significantly upregulated (log2-fold change≥3, P < 0.05) in MST1KO or MST2KO compared to normal control, respectively. While there were 82 overlapping genes, 243 and 387 genes were uniquely upregulated in MST1KO cells or MST2KO cells, respectively. In addition, the expression of 337 genes and 481 genes was significantly downregulated (log2-fold change ≤ −3, P < 0.05) in MST1KO or MST2KO compared to normal control, respectively, among which, there were 147 overlapping genes (Fig. 6a) .
Further analyses revealed that MST1KO and MST2KO significantly impacted a different subset of genes involved in cell-cell junction, cellmatrix adhesion, cell-skeleton organization and EMT programs. As shown in the heatmap (Fig. 6b and Table 1 ), the expression of TP63 was significantly downregulated in both MST1KO and MST2KO, compared to controls. Notably, MST1KO primarily downregulates genes involved in cell junction including cell adherent junction, tight junction and desmosome. Specifically, the gene encoding E-cadherin (CDH1) critical for adherent junction and tight junction was dramatically downregulated. Other genes involved in tight junctions, including occludin (OCLN), claudin1 (CLDN1) and JAM-1 (F11R), were also significantly downregulated. Similarly, genes encoding desmoplakin (DSP) and plakoglobins (JUP), two most important components in desmosome, were dramatically decreased in MST1KO cells.
On the other hand, MST2KO also led to down regulation of genes involved in cell-cell junctions to a lesser extent (Fig. 6b and Table 1) . Notably, unlike other tight junction-related genes, MPZL2 encoding myolin protein zero-like protein 2 [33] was significantly increased in MST2KO cells. Most strikingly, while MST1KO led to subtle differences, MST2KO resulted in dramatic upregulation of genes that facilitate cell migration, including genes involved cell-matrix adhesion (ITGA4, ITGB7, COL4A1, COL4A4, COL6A2, COL9A3) and cell skeleton organization (ACTRT3, FLNC, MYLK2). Furthermore, knockout of MST2 led to significant upregulation of genes that facilitate EMT, including SNAI1, RAC and PARVB. By contrast, wile MST1KO increased Slug (SNAI2) expression.
Importantly, The expression of ITGB4 was markedly downregulated in both MST1KO and MST2KO cells (0.67 vs. 0.62-fold changes compared to controls). Consistent with results from RNA-seq, Q-PCR analyses also showed that knockdown of either MST1 or MST2 led to significant downregulation of TP63, ITGB4 or E-cadherin (Supplemental Fig. S5a) . However, the biochemical analyses indicated that MST2KO profoundly impacted ITGB4 expression much more significantly than that of MST1KO, raising the possibility that MST2 may affect ITGB4 expression in other ways. We therefore examined the effects of MST2KO on ITGB4 protein stability. Our data showed that knockout of MST2, but not MST1, significantly reduced ITGB4 protein levels, which was markedly reversed by treatment with proteasome inhibitor MG132 (Supplemental Fig. S5b) . These results indicate that MST2 not only regulates ITGB4 gene transcription but also ITGB4 protein stability.
Discussion
ΔNp63α has been shown to inhibit oxidative stress-induced cell death and promote surivival [15, 16] . In this study, we provide evidence that oxidative stress activates MST1/2 resulting in the upregulation of ΔNp63α and, consequently, the suppression of cell migration. Most interestingly, MST1 and MST2 significantly impact a different subset of genes involved in cell-cell junction or cell-matrix adhesion. In particular, the ablation of MST1 leads to the suppression of genes involved in cell-cell junction, resulting in scattered cell growth with little effect on cell migration. Ablation of MST2, on the other hand, leads to disruption of the cell-matrix adhesion, resulting in accelerated cell migration in vitro and facilitating tumor metastasis in vivo. In addition, the expression of MST2 is significantly reduced in mammary tumors derived from the MMTV-PyMT mouse model and in human breast cancer samples. Consistent with our notion, several studies have shown that a reduced ΔNp63α expression in SCC, keratinocyte, or breast cancer cells leads to up-regulation of genes involved in cell motility and consequently promotes cell migration and invasion, while enforced ΔNp63α expression inhibits these traits [19, 34, 35] . Notably, it has been reported that transglutaminase 2 stimulates YAP-dependent ΔNp63α stabilization to promote cell migration in wound healing assay in vitro [28] , suggesting that activation of YAP-ΔNp63α axis can facilitate cell The role of reactive oxygen species (ROS), including hydrogen peroxide (H 2 O 2 ) and antioxidants, in cancer development is complex, because of their context-dependent ability to promote or suppress tumorigenesis. In this study, we show that elevated ROS by treatment of a moderate dose of H 2 O 2 or piperlongumine can effectively inhibit cell mobility, through upregulation of ΔNp63α expression. Notably, consistent with our previously study that showed that oncogenic protein, including KRas G12V p110α H1047R or Her2, inhibits the expression of ΔNp63α resulting in increased cell mobility [19] , elevated ROS led to partial recovery of ΔNp63α expression thereby resulting in significant suppression of oncogene-induced cell migration. Thus, it is plausible that adequately elevated ROS levels in cancer cells may help to overcome activated oncogenic signaling in suppression of tumor development and that ΔNp63α is a critical effector in the oxidative stress signaling pathway.
Then, how does oxidative stress lead to upregulation of ΔNp63α? Thioredoxin-1 (Trx1), a conserved antioxidant protein with disulfide reductase activity, physically associates with the SARAH domain of MST1 thereby inhibiting the homodimerization and autophosphorylation of MST1 at Thr183, thus preventing MST1 activation. H 2 O 2 abolishes this interaction and causes the activation of MST1 [36] . Indeed, we found that H 2 O 2 or piperlongumine induces the phosphorylation and activation of MST1/2, which in turn promotes nuclear accumulation of FoxO3a, consistent with previous reports that activated MST1/2 can directly phosphorylate FoxO3a at S207 and affect nuclear accumulation [12] . Consistent with our previous study [19] , nuclear FoxO3a can directly transactivate ΔNp63α gene expression, which in turn activates the expression of ITGB4 and impacts on cell mobility. Importantly, knockdown of MST2 effectively abolishes the oxidative stress-induced up-regulation of the FoxO3a/ΔNp63α/ITGB4 axis and inhibition of cell migration, indicating that the MST2-FoxO3a-ΔNp63α-ITGB4 axis is essential for oxidative stress signaling in cell mobility.
A important question is whether the Hippo kinases MST1/MST2 regulate cell migration through the key downstream YAP in response to oxidative stress, as it has been reported that the canonical Hippo pathway is involved in regulating metastasis [37, 38] . Our results indicate that ablation of YAP significantly reduces ΔNp63α expression, consistent with previous reports that YAP can directly interact with and stabilize ΔNp63α protein [27, 28] . However, our results show that ablation of YAP imposes only marginal effects on H 2 O 2 -induced upregulation of ΔNp63α and has little effects on oxidative stress-induced inhibition of cell migration. These results indicate that MST2 regulates cell migration and tumor metastasis, most likely independent of YAP in response to oxidative stress. However, it remains conceivable that YAP may directly or indirectly regulate cell migration and tumor metastasis in other ways.
Given the structural similarities, in which MST1 and MST2 are 74% identical overall and 94% identical within their catalytic domains at their N-terminuses, it is not surprising that MST1 and MST2 share many similar biological functions via the MST1/2-LAST1/2-YAP/TAZ pathway and are regulated in similar fashions in response to various extracellular signals. For example, single knockout mice are viable and do not exhibit either obvious abnormalities or organ overgrowth while simultaneous deletion of MST1 and MST2 results in embryonic lethality [39] . Regarding tumor development, double conditional MST1/2 knockout in mice promote tumorigenesis of the liver and intestines [40] mice developed a mammary tumor [41] . Combined MST1/2 deficiency in the liver results in massive overgrowth and hepatocellular carcinoma (HCC). Re-expression of MST1, but not MST2, abrogates the tumorigenicity [41] , indicating that MST1 has potent inhibitory functions in tumor initiation/growth. At the cellular level, functional outputs are distinctively different following the ablation of MST1 or MST2. Ablation of MST1 leads to scattered cell growth but has no effects on cell migration, concomitant with down regulation of E-cadherin. Re-expression of E-cadherin completely abolishes scattering cell growth with apparently normal colony formation. By sharp contrast, ablation of MST2 results in increased cell migration with normal colony formation, concomitant with down regulation of ITGB4. Because both MST1 and MST2 target FoxO3a and ΔNp63α that critically regulates E-cadherin and ITGB4 gene transcription, how does MST1KO impact E-cadherin most strikingly while MST2KO impacts ITGB4 most significantly? A plausible possibility is that additional factor(s) is important in MST1-or MST2-mediated regulation of E-cadherin and ITGB4. In fact, our data show that MST2KO leads to downregulation of ITGB4 at both transcription and protein stability levels. Notably, FoxO3a can directly transactivate E-cadherin gene expression [42] . However, under our experimental settings, restoration of ΔNp63α effectively rescues ablation of FoxO3a-mediated downregulation of E-cadherin, indicating that the FoxO3a-ΔNp63α axis is most likely responsible for the regulation of E-cadherin.
The distinctive function of MST2 and MST1 in the regulation of cell mobility is further supported by the analyses of RNA-seq of MST1KO and MST2KO cells derived from the CRISPR/Cas9 system. Most strikingly, loss of MST1 significantly downregulates genes involved in cellcell junction including E-cadherin, occludin, claudin1, JAM-1, desmoplakin and plakoglobins. By contrast, loss of MST2 significantly upregulates genes that facilitate cell migration, including genes involved cell-matrix adhesion (ITGA4, ITGB7, COL4A1, COL4A4, COL6A2, COL9A3) and cell skeleton organization (ACTRT3, FLNC, MYLK2).
Notably, MST1KO and MST2KO leads to significant upregulation of SNAI2 (SLUG) or SNAI1 (SNAIL), respectively, both of which are critical transcription factor promoting epithelial to mesenchymal transition (EMT) [43] . Our results indicate that MST2KO significantly downregulates integrin β4 expression. Several pieces of evidence support the notion that reduced integrin β4 expression promotes cell migration and is associated with tumor metastasis. Knockdown of integrin β4 promotes cell migration and effectively blocks H2O2-induced cell migration. In addition, reduced expression of integrin β4 is correlated with human breast carcinoma and in metastasized lung nodules derived from MMTV-PyMT mice. Consistently, it has been reported that reduced ITGB4 expression promotes cancer cell migration [44] . However, high expression of integrin β4 appears to be important in driving breast cancer migration and metastasis [45] . The reasons for this discrepancy is unclear and deserves further investigation. It is conceivable that expression of integrin β4 is tightly controlled and the ultimate biological outcome is determined by various intra-and extra-signaling. Together, these results strongly suggest that cancer-associated downregulation of MST1 and MST2 (both total and phosphorylated MST1/MST2 protein levels), which results in EMT, disruption of cellcell junction and alteration of cell-matrix adhesion at the cellular levels, may contribute to tumor metastasis during cancer development. In particular, these results demonstrate that oxidative stress inhibits cell migration and tumor metastasis via a noncanonical Hippo pathway involved in MST2-FoxO3a-ΔNp63α axis (Fig. 6c) .
